JAPANESE ENCEPHALITIS (JE) is a disease of major importance in rural rice growing areas of eastern and southeastern Asia that produce large numbers of the primary vector Culex tritaenorhynchus Giles. Ardeid wading birds, such as the night heron, Nycticorax caledonicus Gmelin, are important reservoir vertebrate hosts and pigs are the primary amplifying host (Hanna et al. 1996) . In 1995, after three human cases of JE on Badu Island in the Torres Strait ( Fig. 1 ), mosquitoes were screened for virus infection . The widespread nature of the 1995 and 1998 outbreaks in northern Queensland indicated a large-scale immigration event, possibly caused by windblown mosquitoes or migrating birds originating from southern Papua New Guinea (Hanna et al. 1999) . Of the mosquitoes tested in 1995, only Culex annulirostris Skuse yielded virus infections, indicating that this species most likely was the vector during the Torres Strait outbreak (Hanna et al. 1996) . Cx. annulirostris is distributed widely throughout Australia, Papua New Guinea, South PaciÞc, Indonesia, and the Philippines and breeds in shaded or sunlit fresh water swamps, pools, and streams (Belkin 1962) . Cx. annulirostris is also a putative species complex, belonging to the Culex subgroup of species (Lee et al. 1989) . Marks (1982) previously discussed incorrect identiÞcations of Cx. annulirostris and Cx. sitiens by experienced mosquito workers such as F. V. Theobald and T. L. Bancroft in the 1900s. Taylor (1912) described eight species of banded proboscis Culex (Culex) which were later synonymized with either of the above two species. Subsequently, authors have followed the convention of Edwards (1924) for both species. From various collections in Queensland, Northern Territory, and near the type locality for Cx. annulirostris at Emu Plains at the eastern foot of the Blue Mountains, NSW, Marks determined that two species occurred sympatrically, Cx. annulirostris and one commonly referred to as Culex "Normanton sp." that she nominated as Cx. palpalis Taylor (Lee et al. 1989) . Morphologically similar species with distinct gene pools may differ in their ecology and vector status (Green 1981 , Hii 1985 .
The current article is part of a broad study that aims to use population genetics (as per Chapman et al. 1999 ) to estimate Cx. annulirostris dispersal in the far north of Australia and Papua New Guinea to examine how JE may have reached Australia. Our article reports the electrophoretic methods developed to identify morphologically similar species within the Culex sitiens subgroup in Australia and Papua New Guinea. With the recent incursions of JE into the Torres Strait in 1995 and mainland Australia in 1998, it has become increasingly important to correctly identify the vector species, to map distributions, study vector competence, describe their ecology and develop appropriate control strategies.
Materials and Methods
Study Area. Cape York, Western Province of Papua New Guinea, and Torres Strait are primarily savannah habitat dominated by eucalyptus and melaleuca trees. The Torres Strait Islands of Badu and Moa are granitic with some rainforest areas. Lake Murray and Balimo in Papua New Guinea feature large shallow lakes with extensive shorelines and mats of emergent grasses, whereas riverine sites have extensive rainforest habitat. The climate in these areas is monsoonal, with pronounced dry and wet seasons. Much of the savannah is inundated during the wet season (approximately DecemberÐApril). Interestingly, the 1997Ð1998 drought in Papua New Guinea created stagnant pools along the shores of lakes near Balimo, and Culex trap counts were two to three orders of magnitude higher than in the previous year (up to 60,000 per trap) (unpublished data).
Mosquito sampling and identification. Mosquitoes were collected primarily during the December to April wet seasons from 12 sites in 1996, 10 sites in 1997, and 10 sites in 1998 (Fig. 1) . These areas are remote and often inaccessible during the wet season, and it was not possible to sample the same localities in all years. Adult mosquitoes were collected using CDClight traps baited with CO 2 (1 kg dry ice) and 1-octen-3-ol (Ritchie and Kline 1995) that were operated from sunset to sunrise. Samples were sorted based on morphology into species groups and a representative subsample (n ϭ 200) of those "identiÞed" as Cx. annulirostris from each location were forwarded to the electrophoretic laboratory on dry ice and stored at Ϫ80ЊC until processed. The remaining mosquitoes were tested for presence of virus.
Allozyme Allozyme bands on the plates were scored in order of decreasing anodal mobility (as per Hughes et al. 1991) . Allozyme mobility was determined relative to the most common allele for each locus. The most common allele at each locus for Cx. annulirostris was assigned the arbitrary label of Ј3Ј, with the less common anodal alleles assigned two or one and the less common cathodal alleles assigned four or Þve. Therefore, the designation Ј22Ј, Ј33Ј, and so on indicated individuals homozygous for a particular allele, and Ј12Ј, Ј23Ј, Ј35Ј, and so on indicated heterozygous individuals. The notation used in this article is the locus name with either the allele or genotype appearing as a superscript. For example, for phosphoglucose isomerase (Pgi) the allele 3 and the genotype 33 appear as Pgi 3 and Pgi
33
, respectively. There may be more than one active locus for an enzyme and these were designated by a number for each locus; e.g., the two loci for Aat were expressed as Aat1 and Aat2.
Species Identification using Allozymes. When it became apparent that there were two major groupings in Þeld collections (nominally groups 1 and 2) in addition to Cx. sitiens, samples were requested from P. I. Whelan and staff of the Medical Entomology Unit, Darwin. Adults were collected by CO 2 baited EVS (encephalitis virus surveillance) traps from Jabiru Swamp, NT, where Cx. "Normanton sp." ϭ Culex palpalis was known to be abundant in collections. Adult females were identiÞed morphologically from unpublished notes of E. N. Marks and the original description of Taylor (1912) . Additional adults, thought to be Cx. annulirostris, also were provided from Leanyer Swamp, Darwin, N.T.
Data Analysis. Within a large, randomly mating population of a single species not under signiÞcant selection pressure, allele frequencies are expected to be in accordance with HardyÐWeinberg expectations (Hartl and Clark 1989) . Genotype data were analyzed using the exact test in the statistical package Genepop (Raymond and Rousset 1995) to test for deviation from HardyÐWeinberg equilibrium. A genotypic disequilibrium test also assessed independence of loci after Þrst removing the data for Cx. sitiens, which could be distinguished clearly from Cx. annulirostris based on allozymes. Any signiÞcant deviation from HardyÐ Weinberg equilibrium such as heterozygote deÞ-ciency or linkage equilibrium could indicate the presence of more than one species.
Results
Of the 25 loci screened, phosphoglucose isomerase (Pgi E.C. 5.3.1.9), phosphoglucomutase (Pgm E.C. 2.7.5.1), hydroxybutyric dehydrogenase (Hbdh E.C. 1.1.1.30), isocitric dehydrogenase (Idh E.C. 1.1.1.42), beta esterase (␤Est E.C. 3.1.1.1) and aspartate amino transaminase (Aat E.C. 2.6.1.1) proved to be diagnostic and were run on all samples in all years. Malate dehydrogenase (Mdh E.C. 1.1.1.37) was included only during the second and third years. From the electrophoretic data, Cx. sitiens could be separated clearly from Cx. annulirostris based on the loci Aat2, ␤Est1, and ␤Est2.
The test for genotypic disequilibrium was highly signiÞcant (P Ͻ 0.001) for all remaining pairs of loci including Pgi, Pgm, Hbdh, Idh1, and Mdh for all sites pooled during each of 3 yr (Table 1 ). This indicated that there was nonindependence among these loci, with some or all of the genotypes at one locus more likely to pair with genotypes at another locus than at random. This strongly supported the hypothesis that there was more than one species within collections; a premise also supported by most loci being out of HardyÐWeinberg equilibrium (Table 1 ) with a deÞciency of heterozygotes. Some individuals had alternate homozygotes at two or more loci, strongly indicating that these individuals were distinct species.
Based on known genotypes, group 1 was matched with Cx. annulirostris from the Brisbane colony and group 2 with Cx. palpalis from Jabiru, Northern Territory. All specimens tested from Leanyer, Northern Territory, had the same electrophoretic pattern as the Brisbane Cx. annulirostris colony. Alleles and frequencies for Cx. sitiens, Cx. annulirostris, and Cx. palpalis are given in Table 2 . Additional individuals tentatively placed into groups 3, 4, 5, and 6 had similarities with both Cx. annulirostris and Cx. palpalis, but did not agree at all loci with either of the other two species. Groups 3Ð5 were composed mostly of homozygous individuals, indicating possible sibling species, whereas group 6 consisted predominantly of het-erozygous individuals indicating a possible hybrid between Cx. annulirostris and Cx. palpalis.
These species and groups may be identiÞed as follows. Culex sitiens after Weidemann (1828) 1a. Small species with wing length Ϸ2.5 mm, some basal tergal bands usually produced into small median points. Femora mottled; pale blotch on hind tibia commencing at 0.4 Ð 0.5 from base and extending to 0.8; anterior of scutum usually with a pale broad lyre-pattern with median dark stripe and submedian whitish stripes (Taylor 1912 On Cape York, Cx. annulirostris comprised 86.4 Ð 100% of Cx. sitiens subgroup of mosquitoes, except for April 1997 at Kowanyama, when Cx. palpalis comprised 41.2% of the collection. Cx. palpalis was not collected from Cairns, Mackay, or Brisbane. During the dry season (July and August 1996), 10.2% of specimens from LakeÞeld were Cx. palpalis but none was recorded from Punsand and Pajinka.
The prevalence of Cx. palpalis at Kowanyama was examined in relation to the size of the wet seasons from 1996 to 1998. The proportion of Cx. palpalis in the collections was higher in 1997 (Table 3 ), a year of below average rainfall (929 mm), whereas Cx. annulirostris dominated in 1996 and 1998, years of average or greater than average rainfall (1,459.4 and 1,998.1 mm, respectively).
Discussion
Using electrophoresis we deÞned three species of banded proboscis Culex of the sitiens subgroup and identiÞed possibly three or four others, which require further study. The unnamed individuals comprised only 6.9% of the total catch and were collected mainly from Papua New Guinea.
We have conÞrmed that Cx. "Normanton sp." is conspeciÞc with Cx. palpalis, based on morphological characteristics (Marks 1982 , Lee et al. 1989 ). We used the name Cx. annulirostris for group 1 mosquitoes, because common Australian usage relies on the description of Edwards (1924) . However, Marks (1982) identiÞed a possible nomenclature problem between the descriptions of Skuse (1889) and Edwards (1924) . After examination of the Cx. annulirostris holotype described by Skuse from the Blue Mountains, NSW, E. N. Marks (personal communication) noted it conformed more to Cx. palpalis because of its almost straight tergal banding.
An objective of our study was to document the prevalence of Cx. annulirostris and to identify possible sibling species. It is important to accurately identify potential vectors with respect to the southern extension of JE into the Torres Strait in 1995 ) and into Cape York in 1998 (Hanna et al. 1999 In April 1997, JE was isolated from adult females collected from Lake Murray in Papua New Guinea (Johansen et al. 1997) , a subset of which were identiÞed by our electrophoretic analyses to be 88% Cx. palpalis. JE isolates for 1998 were from 41 pools of Cx. annulirostris from Badu Island and one pool from Balimo, Papua New Guinea. A sample from the Balimo collection was found to be 100% unknown species based on electrophoretic data, but one keyed out as Cx. palpalis using Lee et al. (1989) .
Japanese encephalitis was associated with Cx. annulirostris, albeit subspecies marianae, during the 1947 outbreak on Guam (Reeves and Rudnick 1951) and has been isolated from Cx. sitiens in Malaysia (Vythilingham et al. 1994) . In Australia, Cx. annulirostris is the major vector of Murray Valley encephalitis virus (MVE), a Flavivirus also classiÞed within the Japanese encephalitis virus complex. However, in western Australia MVE virus also has been isolated from Cx. palpalis (Mackenzie et al. 1994) . Consequently, the question of the vector or vectors of JE is still subject to speculation.
Culex annulirostris is a seasonal species noted for its ability to rapidly colonize temporary and semipermanent surface pools, especially those resulting from wet season rains. In contrast, Cx. palpalis appears to be associated with permanent or semipermanent waters containing surface aquatic plants such as sedges. Therefore, it was speculated that Cx. annulirostris was more likely to be involved in mid-wet season (December to March) transmission and that Cx. palpalis may have fulÞlled a maintenance role during the dry season. Our data indicate that Cx. palpalis may be most prevalent during seasons that produce below average rain. Cx. palpalis is predominantly a tropical species mostly found in Papua New Guinea, Torres Strait Islands, and Cape York. It also has been reported from the Northern Territory and north Western Australia (Mackenzie et al. 1994) . Lee et al. (1989) reported relatively small populations further south into Brisbane and even to the Emu Plains west of Sydney.
Culex annulirostris is sympatric with Cx. palpalis and other unidentiÞed members of the Cx. sitiens subgroup in northern Australia, Torres Strait, and Papua New Guinea. The unidentiÞed species could be true biological species or variants of some of the already described species. If these others are indeed separate species, they may possess different ecologies that would affect their roles as JE virus vectors. DNA-based identiÞcation techniques such as direct sequencing of mitochondrial DNA may help to elucidate these relationships.
